The polarization properties of GaN nanowire lasers are studied experimentally by analyzing their end-facet emission. We demonstrate that the polarization state varies for different transverse modes. Linear and elliptical polarizations are observed in our measurements.
Introduction
Gallium nitride (GaN) nanowire (NW) lasers have been widely studied due to their potential as light sources for onchip applications and solid state lighting [1] [2] [3] . However, their polarization, one of the key factors defining laser emission, has not been yet analyzed to the best of our knowledge. Here, we investigate experimentally the polarization properties of GaN NW lasers. An experimental technique is developed to collect the light emission directly from the NW end facet, which bypasses the effect of substrate scattering and allows for precise analysis of the polarization of the NW's emission. By controlling the geometry/diameter of NWs the number of lasing transverse modes can be controlled [3] . In this work, we have analyzed the polarization properties of a single and a multiple transverse mode GaN NW laser. We have found that the emission of the fundamental mode is linearly polarized whereas that of a high-order mode shows elliptical polarization. These results offer promise for the design of novel polarized nanolasers for use in polarization-sensitive applications.
Experimental Setup
We used a nanomanipulator to place NWs at the edge of a sharply cleaved substrate ( fig. 1(a) ). We then built a μ-photoluminescence setup shown in fig. 1(b) with separate excitation and analysis arms; this allows us to optically pump a single NW and simultaneously collect its end-facet emission. This is better illustrated in figs. 1(c) and 1(d) which show respectively a NW at the substrate's edge when optically pumped ( fig. 1(c) ) and the captured end-facet emitted light of a GaN NW (small dot at the center of the image in fig. 1(d) ). For the analysis of the polarization properties of these nanolasers we built a rotating Quarter Wave Plate (QWP) Stokes polarimeter consisting of a fixed polarizer and a rotating QWP [4] . Varying the QWP angle from 0 to 2π radians modulates the intensity of the NW's emitted light detected at the spectrometer. Important polarization information, such as the Stokes parameters (S1, S2 and S3) can be extracted from this recorded intensity modulation [4] . 
Experimental results
Depending on the geometry, GaN NW lasers can emit with either single or multiple transverse modes [3] . In this work, we conduct a study on the polarization properties of different nanowires showing different mode features. Figs. 2(a) and 2(b) show the lasing spectra for the two GaN NWs analyzed in this work, namely a single transverse mode (NW1, fig. 2(a) ) and a multiple transverse mode (NW2, fig. 2(b) ) GaN NW lasers.
We plot in Figs. 2(c-e) the measured (blue) and calculated (red) optical intensity vs. QWP angle relationship for the modes emitted by NW1 and NW2. The optical intensity is defined as the peak power of the mode under analysis.
We find very good agreement between measured and calculated results. Fig. 2(c) shows the achievement of a sinusoidal intensity modulation with a π/2 radians period for the mode emitted by NW1. Such modulation is indicative of linear polarization. Figs. 2(d) and 2(e) plot results for the two transverse modes of NW2. Fig. 2(d) shows again a sinusoidal modulation with π/2 radians period for the shorter wavelength (SW) mode, indicative of linear polarization. In turn, Fig. 2(e) shows a different behavior for the longer wavelength (LW) mode, with intensity minima separated by π radians and exhibiting two sinusoidal components shifted by π/2 radians. Such modulation is characteristic of elliptically polarized emission. Furthermore, we have also calculated the Stokes parameter values (indicated in the insets below figs. 2(f-h) ) and used them to generate Poincare spheres plotting the polarization states of the modes emitted by NW1 ( fig. 2(f) ) and NW2 ( fig. 2(g-h) ). As predicted, the blue dots appearing in the equator of the spheres of figs. 2(f) and 2(g) indicate linearly polarized emission for the mode emitted by NW1 and the SW mode of NW2. On the other hand, the LW mode of NW2 is elliptically polarized since the blue dot is located now at the rear side and in the southern hemisphere of the Poincare sphere included in fig. 2(h) .
Recent simulations carried out in our research group, which will be reported in detail during the presentation; reveal that the different transverse modes of a GaN NW laser will have diverse polarizations. The fundamental mode will be linearly polarized while the polarization of higher-order transverse modes will not be linear due to their orthogonal field components. Our experimental results confirm these predictions indicating emission in the fundamental transverse mode for NW1 (linear polarized emission) and in the fundamental (SW) and a higher-order (LW) transverse mode (linear and elliptically polarized respectively) for NW2. 
Conclusions
We have experimentally analyzed the polarization properties of GaN NW lasers. A single-and a multi-transverse mode GaN NW laser were both characterized by a newly developed experimental configuration that allowed the collection of the end-facet light emission from single NWs. We found that the polarization state varies for different transverse modes. The fundamental mode is linearly polarized while a high-order mode exhibits elliptical polarization. This work provides insight on the emission properties of GaN NW lasers and offers exciting prospects for the design of novel polarization controlled nanolasers for polarization-sensitive applications.
